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Abstract 

Low-temperature solid oxide fuel cells (LT-SOFCs), operating below 650 ºC, are attracting a great 

interest due to their long-term stability and potential application for stationary and portable power 

generation. Much effort is being devoted to investigating new electrode materials because the electrode 

polarization resistance remains a serious limitation to the performance. Nanostructured electrodes offer 

the possibility of increasing the SOFC efficiency at low temperatures. Among the different electrode 

preparation techniques, spray pyrolysis deposition is a versatile, economic and industrially scalable 

method to grow electrodes directly on the electrolyte, reducing preparation steps and time. Recent 

progresses in this field are summarized here, especially highlighting the wide variety of different 

microstructural strategies used to improve the electrode performance, i.e. nanocomposite cathodes 

graded cathodes, infiltrated cathodes and cathodes with active/functional layers. Finally, the current 

existing challenges and the future working directions for further enhancing the properties of new 

nanostructured electrodes are discussed.  
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1. Introduction 

Nowadays, above 80% of the global energy consumption comes from the combustion of fossil 

fuels with the consequent increase of CO2 emissions [1,2]. Thus, the development of environmentally 

friendly, cost effective and highly-efficient energy conversion and storage devices is desirable to 

mitigate the global warming. In this context, fuel cells are reversible electrochemical devices that can 

operate under both fuel cell mode for electrical energy generation, and electrolysis mode for hydrogen 

production using electricity from renewable sources [3,4]. 

Proton exchange membrane fuel cells (PEMFCs) are the most developed technology due to their 

low operating temperature, typically below 100 ºC. However, these cells exhibit several drawbacks, 

including high cost of the Pt-based electrocatalysts and susceptibility to poisoning by nitrogen and 

sulphur containing species [5,6]. In contrast, the high operating temperatures of Solid Oxide Fuel Cells 

(SOFCs) offer the opportunity of using not only hydrogen but also hydrocarbon-based fuels [7-10].  

A typical SOFC is comprised by three main ceramic components: electrolyte, cathode and anode. 

The electrolyte is a pure ionic conductor (O2-, H+), while the anode and cathode are mixed ionic-

electronic conductors. Traditionally, yttria-stabilized zirconia, Zr0.84Y0.16O1.92 (YSZ), has been the 

most employed electrolyte due to its high temperature phase stability for operation at 800-1000 ºC. 

Unfortunately, the oxide ion conductivity at low temperature (6 mS cm-1 at 650 ºC) is too low for 

practical applications. Another issue is the reaction of YSZ with high efficiency mixed ionic electronic 

conductors (MIEC), developed in the last few years, based on cobalt and iron containing perovskites, 

i.e. (La,Sr)(Co,Fe)O3- (LSCF), (Ba,Sr)(Co,Fe)O3- (BSCF) and (Pr,Ba,Sr)(Co,Fe,Mn)O6- [11-17]. 

This is the main reason why (La,Sr)MnO3-based materials (LSM) are still considered to be the most 

appropriate cathode for SOFCs, despite their poor efficiency at intermediate temperatures (600-800 

ºC). 

Electrolytes based on Ce1-xAxO2-δ (A=Gd and Sm, x≤0.2) are considered the most suitable for low 

temperature solid oxide fuel cells (LT-SOFCs) applications due to their high ionic conductivity (20 

mS cm-1 at 650 ºC). In addition, they are chemically compatible with most of the cathode materials 

[18]. La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) also exhibits high values of ionic conductivity (33 mS cm-1 at 

650 ºC) in the intermediate temperature range (600-800 ºC), but it is difficult to synthesize and the 

high cost of gallium hinders its application [19,20].  

The anode material is usually a Ni-based cermet, i.e. Ni-YSZ and Ni-CGO, with high electronic 

conductivity and good electrocatalytic activity towards fuel oxidation; however, they exhibit several 

drawbacks when fueled with hydrocarbons, such as carbon and sulfur deposition. Alternative anode 

materials based on perovskite-type structures have also been investigated, including 

La0.8Sr0.2Cr0.5Mn0.5O3-δ, doped- SrTiO3-δ, SrFeO3-δ and Sr2MgMoO6-δ [21-26]. 
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In addition to the choice of suitable materials for SOFC construction, this technology is still 

hindered by several issues regarding the performance, durability and fabrication costs of the cells [27]. 

In particular, the operating temperature of SOFCs is too high for their practical implementation; 

therefore, lowering the operating temperature to the range of 400-600 ºC is one of the main goals to 

improve the life time of the cell and promote their commercialization. However, fuel cell performance 

is reduced at low operating temperature due to the poorer ionic conductivity of the electrolyte, as well 

as the low electrocatalytic activity of the electrodes towards both fuel oxidation and oxygen reduction 

reaction (ORR) [28].  

On the other hand, the manufacturing processes of SOFCs play an important role on the SOFC 

performance. In particular, the cell assembly needs to be carried out without causing any performance 

degradation of the cell components due to their reactivity and minimizing the engineering costs. The 

planar and tubular SOFC configurations, typically supported on the anode material, are usually 

prepared via tape-casting and extrusion moulding, respectively [29,30]. Both anode and electrolyte, 

Ni-YSZ/YSZ or Ni-CGO/CGO, are simultaneously sintered at elevated temperatures and then the 

cathode is deposited by chemical or physical techniques [31]. The main advantage of these SOFC 

configurations is that the cathode is fixed in the last stage at a lower temperature, avoiding possible 

reactions with the electrolyte and coarsening of the microstructure. Different studies have 

demonstrated that the electrode performance strongly depends on the microstructure [32-35]. 

Electrodes with a low specific surface area have limited active sites for the electrochemical reactions 

and, consequently, a poor efficiency. In contrast, electrodes with a large surface area, i.e. an extended 

triple phase boundary (TPB) length, are more efficient because of the numerous interfacial active sites 

available for the electrochemical processes. Among the different strategies used to extend the TPB, 

the development of nanostructured electrodes with high activity, appropriate porosity and robust 

stability has attracted special interest in the last few years [36-42].  

For industrial applications, the electrode preparation should be simple, involving as few steps as 

possible to reduce fabrication costs and time. In this context, the traditional solid-state reaction method 

includes several firing and grinding processes of the raw materials, resulting in powders with relatively 

large grain size and low active areas. In recent years, numerous synthetic strategies have been 

developed to fabricate nanostructured electrodes, such as sol-gel [43], freeze-drying [44], 

electrospinning [45,46], template method [47,48], microwave combustion [49], hydrothermal 

techniques [50,51] and infiltration [52-54]. Most of these synthetic methods lead to the formation of 

single-phase materials with fine particle size and high electrocatalytic activity. However, they are 

usually employed at laboratory scale for the design and construction of nanostructured electrochemical 

devices, generally requiring strict synthetic conditions, long reaction times and tedious procedures, 

which limit their applicability at industrial level. Moreover, multiple processing steps are still required 
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in order to adhere these electrodes to the electrolyte, including: (i) preparation of an ink containing 

organic additives, i.e. binders and pore formers; (ii) deposition of the ink by screen-printing or dip-

coating on the electrolyte; and (iii) sintering at rather high temperatures to ensure sufficient adhesion 

to the electrolyte. Such high sintering temperatures lead to a significant grain growth and low porosity, 

affecting negatively the electrochemical properties of the as-prepared materials. Hence, scalable, 

efficient, facile, economic and industrially viable processing and synthetic methods for the production 

of nanostructured electrodes are key to further commercialize the SOFC technology. The direct 

electrode preparation on the electrolyte at low temperatures would result in several benefits: i) the 

particle size is reduced and, consequently, the electrocatalytic activity is enhanced; and ii) the 

adherence and integrity of the electrodes to the substrate, based on chemical bonding, are improved 

compared to ink-based depositions.  

Among the different deposition techniques (e.g. spin and dip-coating, chemical vapor deposition, 

pulsed laser deposition and magnetron-sputtering), spray pyrolysis has demonstrated to be an 

economical approach to prepare nanostructured electrodes with different architectures, offering the 

following advantages over the conventional methods: (i) simple, automatable and industrially scalable 

process; (ii) preparation of layers in a single deposition step, reducing time and fabrication costs; and 

(iii) highly reproducible process over large areas [55]. Although it was initially proposed to create 

dense thin films, highly porous layers can be also produced by tailoring the deposition conditions, 

being possible to control the quality and thickness of the layers, depending on the desired application. 

Bearing in mind all these aspects, this review summarizes novel strategies to prepare highly 

efficient electrodes for SOFCs by spray-pyrolysis deposition. Firstly, a brief description of the most 

employed spray-based techniques in SOFC technology is presented. Secondly, the different 

microstructural strategies used to improve the cathode performance in the last few years, are discussed, 

including single phase cathodes, nanocomposite cathodes, infiltrated cathodes, and cathode with 

active/protective layers. Thirdly, anode materials prepared by spray-pyrolysis are addressed. Finally, 

conclusions and future perspectives on the development and application of nanostructured electrodes 

for LT-SOFCs are presented. 
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2. Electrode preparation techniques based on spray deposition 

Spray deposition is a versatile technique widely used for the preparation of thin films and powder 

nanoparticles with different compositions, including metals, oxides and sulfides, among others [56,57]. 

Nanostructured materials, which are difficult to obtain by other techniques, can be prepared by spray 

deposition since their structure is determined by the formation of a metastable phase, prevailing over 

thermodynamic aspects [55]. In contrast to other preparation techniques, such as chemical vapor 

deposition, the stoichiometry of the initial precursor solution is maintained in the resulting film. 

Among the spray-based techniques, the most commonly employed in SOFC technology are 

conventional spray-pyrolysis deposition (CSD), ultrasonic-spray-pyrolysis deposition (USD), 

electrostatic-spray deposition (ESD) and flame-spray deposition (FSD). Each of them is briefly 

described below. 

 

2.1. Conventional spray pyrolysis deposition (CSD) 

Conventional spray pyrolysis deposition is a direct preparation method performed with cheap and 

affordable equipment, making it a perfect option for industrial implementation [58,59]. The usual setup 

includes: (i) a nozzle to atomize the precursor solution into fine drops by using compressed air, (ii) a 

syringe pump to continuously deliver the precursor solution at a defined flow rate; and (iii) a metal 

heated block with a thermocouple to control the substrate temperature (Fig. 1a).  

A diluted precursor solution, containing stoichiometric amounts of the appropriate metallic salts, 

is pumped, atomized, and sprayed onto a heated substrate. The solution atomization is a critical step 

since it controls the size and distribution of the drops. This process is carried out by forcing the solution 

to pass through a small aperture of the nozzle, forming small drops with high speed. Generally, the 

most frequently used nozzles are those in which the atomization is produced by the Venturi effect. 

After the atomization stage, the sprayed drops reach the hot substrate, evaporating the solvent and 

thermally decomposing the precursors, creating a thin film of the desired material. Unlike physical 

deposition techniques, CSD deposition does not require the use of high purity targets or expensive 

crystallographically oriented substrates. Moreover, vacuum pumps are not needed at any stage of the 

process, offering enormous benefits for industrial implementation.  

The starting precursor salts are usually metal nitrates, acetates and oxalates, which decompose 

easily at low temperature without leaving residues on the film. Moreover, these salts are usually solved 

in water, reducing costs and toxicity problems. The film morphology and thickness are tailored by 

modifying the experimental conditions, such as nozzle to substrate distance, deposition temperature, 

time, precursor type and air flow rate [59].  
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2.2. Ultrasonic spray-pyrolysis deposition (USD) 

Ultrasonic spray deposition is a variant of the spray-pyrolysis technique based on an aerosol 

process. The principal difference compared to CSD consists in the use of an ultrasonic nebulizer, and 

alternatively, an ultrasonic spray-nozzle, which vibrates at high frequencies (Fig. 1b). In this approach, 

only Newtonian fluids with low viscosity can pass through the vibrating zone, where the fluid is broken 

into fine droplets, creating an aerosol, which is transported by a gas carrier to the heated substrate to 

form the film. USD has the advantage of uniform atomization of particles, operates at extremely low 

air pressure and is suitable for small-area coatings in contrast to CSD. This technique has been 

employed to obtain hollow, solid spheres and thin film materials with a wide variety of applications in 

solar cells, gas sensors and SOFCs [59,60]. The advantages and disadvantages of the different spray-

pyrolysis techniques are summarized in Table 1. 

 

2.3. Electrostatic spray pyrolysis deposition (ESD) 

In this technique, the solution atomization is carried out by applying a high voltage between the 

nozzle and the hot substrate, generating electrohydrodynamic forces that atomize the precursor 

solution (Fig. 1c). The electrostatic atomization process mainly consists of two parts: the extractor 

electrode and the nozzle. The electrode is earthed and the nozzle is supplied with a high DC voltage 

(2-15 kV) or vice versa. The charged droplets are transported thanks to the electrical field, impacting 

on the hot substrate and forming the film.  

Both the electrical field and the spreading of the droplets are important parameters that influence 

the final microstructure of the films. The drop size distribution is strongly dependent on the surface 

tension, concentration, and the conductivity of the precursor solution, according to the Ganan-Calvo 

model [61-64]. The main advantage of this technique is the smaller size of the droplets compared to 

those obtained by other atomization techniques. Furthermore, the electrical repulsions of the charged 

droplets prevent their agglomeration leading to a uniform size distribution.  

Similarly to other spray-pyrolysis-based techniques, the substrate temperature is one of the main 

parameters to control the films microstructure, and consequently, their properties [65]. Dense or porous 

morphologies may be obtained depending on the deposition conditions [66]. At relatively low 

temperatures and high flow rates, large drops with an excess of liquid impact on the substrate surface, 

creating cracked films due to the rapid evaporation of the solvent. In contrast, when the substrate 

temperature increases, the impacting droplets contain less solvent and hence denser films are obtained. 

Moreover, a very small variation in the temperature, such as 5 ºC, is enough to change the average size 

distribution of the droplets, and consequently, modify the microstructure of the layers [67]. Hence, 
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parameters, such as nozzle-substrate distance, temperature, time, solution conductivity, surface 

tension, boiling point and viscosity, need to be carefully controlled in ESD.  

 

2.4. Flame spray pyrolysis deposition (FSD) 

Flame spray deposition is a combination of flame synthesis and spray pyrolysis techniques, where 

an aqueous solution is sprayed through a capillary and into a flame (Fig. 1d) [68,69]. The flame, 

generated by igniting a mixture of CH4 and O2, supplies the required energy for the decomposition of 

the precursor drops. The main limitation of this technique is the poor mechanical stability of the 

deposited films as a consequence of the lower chemical bonding of the dried nanoparticles to the 

substrate [70]. The dispersion gas flow may be high enough to ensure an adequate residence time of 

the drops into the flame, limiting the solvent evaporation rate [71]. Hence, dense and porous 

microstructures for SOFC applications can be obtained by carefully controlling the experimental 

conditions, i.e. the precursor concentration, residence time, deposition temperature and the post-

thermal treatment [72]. 

 

Fig. 1. Schematic representation of the different spray-pyrolysis techniques: (a) conventional spray-pyrolysis 
deposition (CSD), (b) ultrasonic spray-pyrolysis deposition (USD), (c) electrostatic spray deposition (ESD) and 
(d) flame spray pyrolysis deposition (FSD).  
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Table 1. Advantages and disadvantages of the different spray-pyrolysis deposition techniques. 

 

 

3. Microstructural strategies for SOFC cathodes 

  Since the cathode plays a major role in determining the efficiency of LT-SOFCs, it is of great 

importance to improve its performance. In this section, different microstructural strategies used to 

improve the performance of cathode materials are discussed.  

The main function of the cathode is to provide electrocatalytic active sites for the oxygen reduction 

reaction (ORR). The oxygen reduction is comprised by multiple steps that take place in the bulk and 

on the electrode surface. The cathode must possess a high porosity to facilitate the diffusion of the 

oxygen gas to the active sites for ORR. Moreover, high ionic and electronic conductivities are 

necessary to minimize the ohmic losses and favour the transport of oxide ions through the 

electrode/electrolyte interface [28,73].  

Among the several processes involved in the ORR: gas diffusion, surface exchange (oxygen 

adsorption, dissociation and charge transfer), ion diffusion and charge transfer across the 

electrolyte/electrode interface, among others; the main limiting steps are the ion diffusion and the 

oxygen surface exchange [74,75]. The most outstanding cathodes to operate at intermediate 

temperatures are those known as mixed ionic-electronic conductors (MIECs), which possess high 

oxygen surface exchange coefficients (k) and elevated oxygen bulk diffusion coefficients (Dδ) [76-

78]: La0.6Sr0.4Co0.8Fe0.2O3- (k=5.37·10-6 cm·s-1 and D=1.86·10-8 cm2·s-1 at 800 ºC [79]), Ba0.5Sr0.5Co0.8Fe0.2O3- 

(k=4.1·10-3 cm·s-1 and D: 3.9·10-4 cm2·s-1 at 800 ºC [80]), Sm0.5Sr0.5CoO3- and PrBaCo2O5+ [81] 

Regarding the performance of the electrodes, it is not only dependent on the crystal structure and 

chemical composition but also on the ceramic microstructure, since the electrochemical reactions 

Technique Advantages Disadvantages 

Conventional spray 
pyrolysis deposition 
(CSD) 

Simple and inexpensive equipment. 
Operates at atmospheric pressure (non-vacuum). 
Capability for large scale production. 
Low sensitivity to the precursors and solvents. 

High air pressure for atomization and high flow rate. 
Variation of the Substrate temperature due to the high air 
flow rate. 

Ultrasonic spray 
pyrolysis deposition 
(USD) 

Low deposition temperature. 
Suitable for small area coating. 

Only Newtonian fluids with low viscosity can be used. 

Electrostatic spray 
pyrolysis deposition 
(ESD)  

Smaller diameter of the precursor drops. 
No agglomeration of particles. 
Highly porous layers can be obtained. 

High DC voltage. 
Carefully control of the solution conductivity, viscosity, 
surface tension and boiling point. 
Small variation of the substrate temperature modifies the 
microstructure of the layer. 

Flame spray 
pyrolysis deposition 
(FSD) 

High film growth rate. 
Precise control of the microstructure. 
Crystalline phases are obtained without additional 
annealing. 

A flame is required.  
Carefully control of solvent boiling point and flow of 
dispersion gas. 
Low mechanical adherence of the coating. 
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involve the ionic/electronic conductivity and surface properties. In order to improve the electrode 

performance, different microstructural strategies have been proposed in the literature. In cathodes with 

low ionic conductivity, such as LSM, the actives sites for the ORR are restricted to the triple phase 

boundary (TPB) region, near the electrolyte/electrode interface, and consequently, the efficiency is 

relatively poor (Fig. 2a). In this case, the addition of a second phase with high ionic conductivity, i.e. 

doped-CeO2 and Bi2O3, to obtain a composite cathode, is one of the main strategies to enlarge the TPB 

(Fig. 2b) [82,83]. In contrast, in mixed ceramic conductors, such as LSCF and BSCF, the TPB is 

extended to the whole electrode surface and the cathodic efficiency is improved when compared to 

composite cathodes (Fig. 2c) [11-17]. Nevertheless, the performance is still limited by the large grain 

size of the electrodes prepared by conventional synthetic methods.  

Since the interfaces are critical regions determining the efficiency and lifetime of the SOFCs, the 

introduction of active or protective layers between the cathode and the electrolyte is an alternative 

strategy to enhance the properties of the electrodes and durability of the cells (Fig. 2d) [84-86]. Surface 

modification of the electrodes via decoration with active nanoparticles, e.g. Pt and Pr2O6 or exsolved 

electrocatalytic nanoparticles [87-91], e.g. Ni, Co or Fe, are alternative strategies to improve the 

electrode efficiency (Fig. 2e). Another promising approach is the infiltration of a MIEC into a porous 

electrolyte backbone layer to increase the surface contact between an ionic and a mixed conductor, 

resulting in an increase of the electrochemically active sites [38,52-54] (Fig. 2f). Finally, 

nanostructured electrodes, formed by a single (Fig. 2g) or a composite electrode (Fig. 2h), exhibit 

better properties than those produced by conventional synthetic methods due to the increased surface 

area and TPB density [40,41].  

 

Fig. 2. Representation of different microstructural strategies used to improve the performance of SOFC 
electrodes: (a) a poor ionic conductor with limited TPB at the electrode/electrolyte interface, (b) a composite 
electrode, (c) a mixed conductor with extended TPB on the whole surface, (d) an active layer introduced between 
the electrode and the electrolyte, (e) an electrode decorated with active nanoparticles, (f) an infiltrated electrode 
into a porous backbone layer, (g) a nanostructured electrode and (h) a nanocomposite electrode. 

 



 

11 

3.1. Single-phase cathodes  

In recent years, cathodes based on single perovskite oxides, e.g. La0.8Sr0.2MnO3- (LSM), 

La0.6Sr0.4Co1-xFexO3- (LSCFx), Sm0.5Sr0.5O3- (SSC) and layered perovskites, e.g. PrBaCo2O5+ and 

La2NiO4, have been prepared by spray-pyrolysis deposition. In general, the electrode properties have 

been improved by lowering the deposition temperature in order to obtain nanostructured electrodes. 

Different morphologies and properties have been obtained, depending on the technique used and the 

preparation conditions, which are summarized below. 

La0.8Sr0.2MnO3- (LSM) based cathodes  

The traditional LSM cathode, which is only considered for SOFC applications at temperatures 

higher than 800 ºC, has been prepared by different spray-pyrolysis routes in order to improve its 

electrochemical properties at low temperature. The first studies were mainly focused on the 

preparation, crystal structure and morphology of LSM layers, paying little attention to their 

electrochemical properties for SOFC applications. In 2004, Princivalle et al. deposited LSM films on 

YSZ by electrostatic spray pyrolysis (ESD) [92]. Films with different superficial morphologies, i.e. 

porous, cracked and dense, were obtained by varying the precursor salt type, flow rate and deposition 

temperature. In general, cracked layers were obtained below 250 ºC, porous layers at 300 ºC and dense 

layers above this temperature. 

The effects of the type of precursor and solvent on the compositional homogeneity and 

morphology of the LSM films were also investigated by Hademani et al. [93]. Ultrasonic spray 

deposition (USD) was used to obtain porous LSM cathodes on YSZ electrolytes. The films prepared 

from organo-metallic precursors and organic solvents showed a homogeneous crack-free morphology, 

contrary to those obtained from aqueous solutions. Highly porous layers were obtained by increasing 

the temperature and solution flow rate [93]. Later, ESD was also used to obtain nanoporous LSM films 

on YSZ at 900 ºC, a temperature significantly lower than that used in conventional methods [94]. The 

common reaction products between YSZ and LSM, i.e. La2Zr2O7 and SrZrO3, were not found. The 

polarization resistance decreased from 15 to 1.2 Ω cm2 in the temperature range of 546-777 °C. 

Marrero-López et al. prepared LSM layers by CSD on YSZ electrolytes at 250 ºC from an aqueous 

solution of metal nitrates. The influence of the post-annealing temperature (650-1100 ºC) on the 

microstructure and electrical properties was investigated [95]. Porous layers with an average particle 

size of 50 nm were obtained at temperatures lower than 850 ºC. The values of polarization resistance 

were as low as 1.8 Ω cm2 at 600 ºC compared to 27.2 Ω cm2 for a commercial screen-printed LSM 

cathode. The layers annealed at temperatures above 850 ºC suffered a drastic reduction of the porosity 

and the grain size grew up to 240 nm at 1050 ºC. As a consequence, the polarization resistance 

increased from 1.8 to 15.8 Ω cm2 at 600 ºC; however, these values were still lower than those obtained 
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for screen-printed cathodes. These results confirmed that the efficiency of the LSM layers, prepared 

by spray-based techniques, is closely related to the annealing temperature and microstructure. Thus, 

these cathodes have potential application in LT-SOFCs. 

 

La0.6Sr0.4Co1-xFexO3- based cathodes 

The La0.6Sr0.4Co1-xFexO3- (LSCF) cathode has been prepared with different morphologies by 

ESD. For example, Marinha et al. deposited LSCF films onto a CGO electrolyte with dense, cracked 

and coral-like architectures, by changing the deposition temperature (250-450 °C), the nozzle-substrate 

distance (15-45 mm) and the precursor flow rate (0.34-1.5 mL h-1) (Fig. 3a-3c) [96,97]. The 

polarization resistance varied between 0.82 and 6.23 Ω cm2 at 600 ºC, with the lowest values for those 

samples with larger surface areas. The electrode polarization contribution associated with the oxygen 

exchange was the dominant limiting factor for ORR, further confirming the importance of the 

morphology on the cathode efficiency [97]. In a subsequent study, cracked and coral-like LSCF films 

were coated with a screen-printed LSCF current collector layer and investigated by impedance 

spectroscopy [98]. The introduction of the current collection layer reduced the polarization resistance 

from 0.82 to 0.13 Ω cm2 at 600 ºC. Moreover, the coral-like films demonstrated an improved durability, 

and a stable polarization resistance at 600 ºC for 130 h compared to the cracked films. 

The influence of the solvent type on the morphology of LSCF cathodes prepared by ESD was 

investigated by Sindiraç et al. [99]. The results revealed that a mixture of 2-butoxyethanol and 

ethylene-glycol should be employed instead of the conventional solvents used in the literature (ethanol 

and buty-carbitol) with lower boiling point. The deposition temperature was optimized at 350 ºC, 

achieving the coral-like and the cracked films Rp values of 0.82 and 1.63 Ω cm2 at 700 ºC, respectively 

[99].  
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Fig. 3. SEM images of several cathode materials with different morphologies obtained by spray-pyrolysis 
deposition techniques: (a-c) La0.6Sr0.4Co0.8Fe0.2O3- by ESD [97], Copyright 2011 American Chemical Society; 
(d-f) La0.6Sr0.4Co0.8Fe0.2O3- by CSD [100], Copyright 2014 Elsevier; (g) La2CuO4- by CSD [105], Copyright 
2019 Elsevier; (h) BaCo0.4Fe0.4Zr0.1Y0.1O3- by CSD [110], Copyright 2020 MDPI; and (i) Ca3Co4O9+ by ESD 
[112], Copyright 2016 Elsevier 

 

By considering the low thermal stability of the nanostructured electrodes, the effects of the 

deposition and annealing temperature on the microstructural and electrical properties of LSCF films 

were investigated [100]. LSCF films were deposited onto CGO electrolytes by CSD at different 

temperatures between 250 and 450 ºC, obtaining electrodes with different morphologies and porosities, 

i.e. dense, cracked and porous (Fig. 3d-3f). A clear relationship was found between the starting porosity 

of the electrodes, the annealing temperature and the polarization resistance. Dense LSCF films 

deposited at 450 ºC exhibited a significant increase of the polarization resistance from 0.12 to 1.1 Ω 

cm2 at 600 ºC after increasing the annealing temperature from 650 to 850 ºC. This was attributed to an 

increase of the particle size, from 30 to 78 nm, and the concomitant reduction of the TPB density. In 

contrast, the porous layers deposited at 250 ºC exhibited a lower variation of the particle size with the 

annealing temperature, from 55 to 61 nm at 650 and 850 ºC, respectively, and hence, only a slight 

increase of the polarization resistance was detected, from 0.16 to 0.24 Ω cm2 at 600 ºC [100]. The 
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authors concluded that highly porous LSCF cathodes exhibit sufficient microstructural stability for 

application in LT-SOFCs.  

Although LSCF and YSZ are chemically incompatible at high sintering temperatures, Prakash et 

al. deposited LSCF layers on YSZ by plasma spraying [101]. No evidence of reaction was observed at 

the interface of both materials due to the low sintering temperature used, 800 ºC. A durability test was 

performed at 750 ºC for 100 h and no changes in the polarization resistance were detected. This study 

confirmed that LSCF could be directly deposited on YSZ without any protective interlayer, such as 

CGO, providing that the operation and fabrication temperature are lower than 800 ºC.  

In order to tailor the microstructure of LSCF cathodes, Wang et al. have proposed an alternative 

procedure based on Atmospheric Laminar Plasma Spray [102]. The LSCF films showed lower particle 

size and numerous vertical channels that facilitate the oxygen diffusion inside the electrode, obtaining 

Rp values of 0.31 Ω cm2 at 750 ºC. A cell with Sc-stabilized zirconia electrolyte (ScSZ), NiO-

ScSZ/ScSZ/LSCF, was deposited on stainless steel substrates by plasma spraying and generated a 

power density of 1.5 W cm-2 at 750 ºC. Another interesting strategy to obtain LSCF cathodes, based 

on electrostatic slurry spray deposition, was proposed for the first time by Lee et al. [103]. By using 

the powder-ball generation phenomenon in the electrostatic slurry spray deposition, micro-sized CGO 

powder-balls were deposited onto a CGO electrolyte to expand the TPB length, followed by the 

deposition of LSCF. The resulting cathode showed a polarization resistance of 0.1 Ω cm2 at 650 ºC 

and a maximum power density of 0.7 W cm2 for NiO-CGO/CGO/LSCF cell at the same temperature. 

In another study, dense La0.6Sr0.4CoO3-δ (LSC) films were deposited by flame spray deposition 

(FSD) [68]. The as-prepared films at 200 ºC were dense and amorphous. Upon calcining between 700 

and 800 ºC, the films developed between 10-23% of porosity due to outgassing of organic residues, 

and densified after further annealing treatments. A Rp value of 0.96 Ω cm2 at 600 ºC was obtained for 

the films annealed at 600 ºC. Higher temperatures resulted in worse Rp values due to the loss of porosity 

and grain-coarsening. 

 

Perovskite-related cathodes 

Although most of the cathodes prepared by spray deposition techniques are focused on perovskite 

type structures derived from LSM and LSCF, electrodes with different crystal structures have been 

also reported. For instance, Lan+1NinO3n+1 (n=0, 1, 3) films have been prepared by CSD [104]. Different 

crystal structures were stabilized depending on the annealing treatment, in accordance with the phase 

diagram of this system. LaNiO3−δ perovskite was obtained at annealing temperatures between 540 and 

800 °C, while La4Ni3O10−δ, with a Ruddlesden–Popper (RP) type structure and better electrochemical 
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properties, was stabilized after calcining at 1100 °C. The films exhibited a high electrical conductivity 

(80 S cm-1), between room temperature and 600 ºC, but the polarization resistance was rather high due 

to the dense microstructure, e.g. 200 Ω cm2 at 600 ºC for La4Ni3O10−δ. The analogous lanthanum 

cuprates, La2CuO4+, have been also prepared by CSD [105]. The required annealing temperature to 

obtain a single compound was only 750 ºC compared to 1000 ºC for lanthanum nickelates. Thick layers 

of approximately 15 m thickness, 40% porosity and well-connected particles with a diameter of 220 

nm were obtained (Fig. 3g). The values of polarization resistance were as low as 1  cm2 at 600 ºC, 

which was attributed to the optimized microstructural morphology of these electrodes, as well as the 

lower sintering temperature that suppressed the reactivity with YSZ electrolyte.  

The layered perovskite PrBaCo2O5+δ (PBC) was prepared on SrTiO3 substrates by CSD to 

determine the surface exchange coefficient (kchem) by electrical conductivity relaxation measurements 

[106]. Later, dos Santos-Gómez et al. obtained PBC cathodes by the same technique on CGO 

electrolytes [107]. The nanostructured cathodes presented an average particle size of 50 nm after 

sintering at 950 ºC, which was much lower than those obtained by screen-printed cathodes prepared 

from freeze-dried precursors (300 nm). The Rp values were also significantly improved, i.e. 0.082 and 

0.22 Ω cm2 at 600 ºC for nanostructured and screen-printed electrodes, respectively. In another study, 

Zhang et al. studied the influence of Fe-doping in PrBaCo2-xFexO5+δ (PBSCF), an A-site ordered 

perovskite structure prepared by plasma spraying [108]. The lowest polarization resistance was 

achieved for the composition with (x=0.4) with a value of 0.074 Ω cm2 at 600 ºC. No degradation at 

600 ºC after 300 h was observed for any of the studied cathodes. Moreover, a remarkable maximum 

power output of 1.35 W cm-2 at 700 °C was achieved. In 2019, a related composition, 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) ordered perovskite, was deposited by CSD and studied by density 

functional theory (DFT) and molecular dynamics (MD) for its implementation as cathode in a SOFC 

[109]. The dense films showed a thickness-dependent electrochemical performance that was attributed 

to bulk diffusion limitations. The estimated oxygen anion diffusion coefficient for the bulk PBSCF 

was of D=2.98·10-10 cm2·s-1 and high values of Rp were found, 4 Ω cm2 at 700 ºC. The authors 

concluded that the Ba-surface segregation plays a key role in reducing the oxide ion transport, limiting 

the electrochemical performance. 

 

Other cathode compositions 

In 2020, the novel BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY) single perovskite cathode was deposited by 

CSD on a CGO electrolyte [110]. A laminated-type morphology with high porosity, particle size of 50 

nm and good adherence to the CGO electrolyte was obtained (Fig. 3h). Very low Rp values were 

achieved for the nanostructured cathodes, i.e. 0.067 Ω cm2 at 600 ºC, compared to 0.52 Ω cm2 for a 
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screen-printed cathode with the same composition. A NiO-CGO/CGO anode supported cell with a 

nanostructured BCFZY cathode generated a power density of ~ 1 W cm-2 at 600 °C. 

Sm0.5Sr0.5CoO3-δ (SSC), was deposited by ESD on a CGO electrolyte, obtaining layers with a 

highly porous reticular structure. The electrodes exhibited a superior performance compared to that of 

a screen-printed cathode, 0.057 and 1.58 Ω cm2, respectively at 650 ºC [111]. The ESD technique was 

also used to prepare Ca3Co4O9+δ layers with a gypsum-flower-like morphology [112], but high values 

of Rp were obtained, 22.9 Ω cm2 at 600 ºC (Fig. 3i).  

Table 2. Electrode properties for single cathodes prepared by different spray-pyrolysis deposition 
techniques. Polarization resistance in air are given at 600 ºC. In those cases, where not data are available 
at 600 ºC, the temperature is included.  

 

In general, single-phase cathodes, prepared by spray deposition at low temperature, exhibit lower 

polarization resistance compared to those obtained by the screen-printed method; however, their 

application is limited to the low temperature range (T<700 ºC) due to the low thermal stability of the 

nanostructured materials. Different approaches have been investigated to overcome this issue, which 

are discussed below. A summary of the electrochemical properties of several cathodes prepared by 

spray-pyrolysis are given in Table 2. 

 

 

Cathode Abbreviation Technique Thickness 
(µm) 

Particle 
size (nm) Electrolyte Rp

air (Ω cm2) Ref. 

La0.8Sr0.2MnO3-δ LSM ESD 2 -- YSZ 15 (546 ºC)  94 
La0.8Sr0.2MnO3-δ LSM CSD 5 50 YSZ 1.8  95 

La0.6Sr0.4Co0.8Fe0.2O3-δ LSCF ESD -- -- CGO 6.23-0.82  97 

La0.6Sr0.4Co0.8Fe0.2O3-δ LSCF ESD 7 -- CGO 0.82-0.13 98 

La0.6Sr0.4Co0.8Fe0.2O3-δ LSCF ESD 20 -- CGO 7 99 

La0.6Sr0.4Co0.8Fe0.2O3-δ LSCF CSD -- 55-61 CGO 0.16-0.24 100 
La0.6Sr0.4Co0.2Fe0.8O3-δ LSCF0.8 CSD 6 -- CGO 0.29 138 

La0.6Sr0.4CoO3-δ LSC FSD 450 21-124 CGO 0.40 (650ºC) 68 

La0.6Sr0.4CoO3-δ LSC ESD -- 80 YSZ/CGO 0.184 
(650ºC) 174 

Ba0.25La0.25Sr0.5Co0.8Fe0.2O3-δ BLSCF CSD -- 35 CGO 0.30 (650ºC) 122 

Sm0.5Sr0.5CoO3-δ SSC ESD 5 -- CGO 0.057 (650 
ºC) 111 

PrBaCo2O5+δ PBC CSD 5 <50 CGO 0.082  107 
PrBaCo2-xFexO5+δ PBCF FSD 20-25 -- ScSZ 0.074 108 

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ BCFZY CSD 7 30-90 CGO 0.17  110 
LaNiO3−δ LNO CSD 0.35 50 CGO 200  104 

La4Ni3O10−δ -- CSD 0.35 350 CGO 500  104 
La2NiO4+ δ LNO ESD 20 150 CGO 3.32  157 
La2CuO4+δ LCO ESD 15 220 CGO 1.00  105 
Pr2NiO4+ δ PNO ESD 20 200 CGO 0.83 157 

LaPrNiO4+δ LPNO ESD 27 130 CGO 0.72  157 
LaPrNiO4+δ LPNO ESD 27 217 CGO 0.35 (700ºC) 158 
Ca3Co4O9+δ CCO ESD 25-33 -- CGO 22.9 112 
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3.2. Nanostructured cathodes prepared from templates 

The properties and performance of SOFC materials may be improved by using new procedures 

to control the microstructure and porosity [113-117]. In particular, the porosity of several materials for 

SOFC applications, e.g. LSM, LSCF, CGO, YSZ and Ni-YSZ, have been tailored by moulding 

methods [34,116-121]. Sacrificial templates, such as poly(methyl methacrylate) (PMMA), silica or 

carbon microspheres, have been employed because of their ability to create ordered porous materials 

when they are removed by thermal treatment. In these works, the as-prepared powders exhibited a 

regular porosity with high specific surface area, e.g. 38 m2 g-1 for CGO and 25 m2 g-1 for LSM [37], 

due to the low fabrication temperature (600 ºC). However, for SOFC applications, the powders need 

to be sintered at higher temperatures to ensure a good adhesion to the electrolyte, which usually results 

in a collapse of the macroscopic microstructure. In order to overcome this drawback, the combination 

of spray-pyrolysis and sacrificial templates has been proposed. By using CSD, Beckel et al. 

incorporated carbon black to the spray solution to obtain highly porous cathodes with better 

electrochemical efficiency [122]. In another study, LSM layers with tailored porosity were obtained 

by CSD by adding PMMA microspheres to an aqueous precursor solution [123]. The precursor 

solution was sprayed on YSZ substrates at low temperature (200 ºC) to prevent the decomposition of 

PMMA and then, the microspheres were eliminated during the post-deposition thermal treatment, 

obtaining layers with a regular pore size distribution of ~300 nm. These macroporous cathodes did not 

achieve improved electrochemical properties, compared to the same layers without pore formers; 

however, the stability after long-term operation was not investigated. It is worth noting that these 

highly porous cathodes should exhibit improved stability at high annealing temperatures as it was 

previously observed for single-phase cathodes. 

 

3.3. Nanocomposite cathodes 

It is reported that the efficiency of cathodes with poor ionic conductivity, such as LSM, may be 

improved by adding a second phase with high ionic conductivity, i.e. CeO2 and Bi2O3-based 

electrolytes, to obtain a composite electrode. Many studies have shown that composite cathodes have 

higher efficiency than single-phase cathodes due to the increased TPB density (Fig. 2c) [82]. 

Moreover, they are usually employed to reduce the mechanical stress between the electrode and the 

electrolyte layers, originated by the different thermal expansion coefficients, enhancing the mechanical 

stability of the cell. Traditionally, composite cathodes are prepared by mixing the pristine materials 

but, unfortunately, it is difficult to control the composition distribution and architecture with this 

method.  
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In order to overcome this drawback, nanocomposite cathode powders are synthesized by different 

co-sintering methods. In particular, the nanocomposite electrode powders prepared by spray-pyrolysis 

showed a uniform distribution of nanosized crystals with high thermal stability and improved 

electrochemical properties. Different nanocomposite powders have been prepared, such as 

Sm0.5Sr0.5CoO3-δ-Ce0.8Sm0.2O1.9 (SSC-CSO) [124], Gd0.5Sr0.5CoO3-δ-Ce0.8Gd0.2O1.9 (GSC-CGO) [125] 

and La0.4Sr0.6MnO3-δ-Ce0.8Gd0.2O1.9 (LSM-CGO) [126]. These nanocrystalline powders were deposited 

by screen-printing onto the electrolytes and sintered at relatively high temperatures (900-1200 ºC), 

achieving high  power densities values, 3.13 W cm-2 at 750 ºC for SSC-CSO [124] and 1.66 W cm-2 at 

700 ºC for GSC-CGO [125]. However, these results could be further improved by directly depositing 

the nanocomposite electrodes on the electrolyte to lower the sintering temperature and the particle size. 

In 2008, Princivalle et al. reported the first nanocomposite film based on LSM-YSZ. The films 

were prepared by ESD with different YSZ contents, morphologies and porosities by varying the nozzle 

to substrate distance, the deposition temperature and nature of the precursor solution [127,128]. A 

precursor solution containing all the cations for both LSM and YSZ in stoichiometric amounts was 

employed without detecting any additional phase after calcination at 800 ºC. However, the 

electrochemical properties of these electrodes were not investigated. It is also worth noting that the 

same LSM-YSZ nanocomposite powders were prepared by spray-pyrolysis, followed by screen-

printing deposition and sintering at 1200 ºC for 3 h, obtaining a porous cathode composed by particles 

of 100-200 nm in diameter [129]. A remarkable power density of 0.90 W cm-2 at 750 ºC was achieved 

in a Ni-YSZ/YSZ anode-supported SOFC. 

LSM-CGO nanocomposite layers were also prepared by CSD [130]. The layers presented a 

reduced particle size of only 15 nm after sintering at 800 ºC, in comparison to 50 nm for the blank 

LSM cathode (Fig. 4a-4c). The fine particle size of the nanocomposite cathode was attributed to the 

presence of CGO as secondary phase, limiting the cation diffusion and the grain growth rate. In 

comparison, a screen-printed LSM-CGO cathode, obtained from a commercial mixture of 

nanostructured powders, showed a particle size 30 times larger after sintering at 1100 ºC. The 

polarization resistance of the spray-pyrolyzed cathode was as low as 0.29 Ω cm2 at 600 °C, which was 

comparable to highly efficient cobaltite-based cathodes [12,13]. A single NiO-YSZ/YSZ anode 

supported cell with a LSM-CGO nanocomposite cathode generated a stable power density of 0.29 W 

cm-2 at 600 °C compared to 0.18 W cm-2 for the same cell with a conventional screen-printed cathode 

(Fig. 4d).  

The La0.6Sr0.4Co0.2Fe0.8O3-d-Ce0.9Gd0.1O2- (LSCF-CGO) system has been further investigated in 

recent years. Angoua et al. prepared for the first time LSCF–CGO thin films by CSD from a single 

precursor solution [131]. The phase formation was investigated by XRD in the 500-900 ºC temperature 

range. Films calcined at 600 °C were a mixture of amorphous and crystalline particles with a diameter 
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lower than 5 nm. Above this temperature, the crystalline LSCF and CGO phases were formed. In a 

subsequent study, LSCF–CGO composite cathodes were deposited onto YSZ substrates by the same 

method [132]. The grain size of LSCF–CGO, with 41 wt.% CGO, ranged from 15 to 50 nm for 

annealing temperatures between 700 and 900 °C. The polarization resistance decreased with increasing 

CGO content from 30 Ω cm2 for the blank LSCF to 3 Ω cm2 for 60 wt.% LSCF-CGO at 600 ºC.  

 

Fig. 4. (a) SEM image of a Ni-YSZ/YSZ anode supported cell with LSM-CGO nanocomposite cathode, (b,c) 
HAADF-STEM image and EDX of the nanocomposite cathode and the corresponding (d) voltage and power 
density curves [130], Copyright 2018 Elsevier. SEM images of a LSCF-CGO coral like microstructure: (e) 
surface view and (f-g) cross sectional views at different magnification [134], Copyright 2016 Elsevier. 

 

 By using ESD, Sar et al. prepared LSCF-CGO films with two different microstructures 

depending on the deposition temperature: a coral film at 350 ºC and a columnar film at 300 ºC 

[133,134]. Microstructural parameters such as open and closed porosity, specific surface area, 

percolation path and tortuosity factor were studied by X-ray nanotomography. A modelling approach 

with the 3D-Finite Element Method was used to assess the influence of the electrode microstructure 

and composition of LSCF-CGO on the electrochemical performance. The results estimated that the 

best performance is achieved for 20% of porosity and 60 vol.% CGO at 500 ºC in the LSCF-CGO 

composite, which agreed with the experimental results [135-137]. Later, the same authors prepared 

homogeneous and graded LSCF-CGO layers on YSZ with a thin and dense CGO buffer layer to avoid 

reactivity between LSCF and YSZ (Fig. 4e-f). Cells with and without LSCF screen-printed current 

collector layers were also investigated [134]. The lowest Rp values were obtained for cells with a 

current collector layer, i.e. 1.3 Ω cm2 at 600 ºC, which was about 1.5 orders of magnitude lower than 

those without a current collector. Moreover, the polarization resistance was stable over time at 600 ºC.  
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More recently, dos Santos-Gómez et al. prepared LSCF-CGO nanocomposites with different 

LSCF-contents (50-100 wt.%) by CSD [138]. The particle size varied from 30 to 50 nm after sintering 

at 800 ºC and 1000 ºC, respectively. The polarization resistance decreased slightly with the addition 

of CGO, from 0.29 Ω cm2 for the blank LSCF cathode to 0.16 Ω cm2 for 50 wt.% LSCF-CGO at 600 

ºC. A NiO-CGO/CGO anode supported cell with LSCF-CGO nanocomposite rendered a stable power 

density of 0.71 W cm-2 at 600 ºC compared to 0.39 W cm-2 for the same cell with a screen-printed 

cathode. 

A recent report for the La0.6Sr0.4Co0.8Fe0.2O3-δ-CGO system revealed a decrease of the 

electrochemical activity with increasing CGO-content in comparison with the blank LSCF0.2 cathode, 

i.e. 0.72 Ω cm2 for LSCF0.2 and 2.75 Ω cm2 for LSCF0.2-40 wt.% CGO at 600 ºC [139]. This 

contradiction with previous studies was explained by the higher ionic conductivity of the Co-rich 

LSCF0.2 compared to LSCF0.8. The authors concluded that the introduction of an ionic conductive 

but electrocatalytically inactive CGO phase was detrimental to the electrochemical performance of 

nanostructured LSCF0.2.  

By using an alternative strategy, a honeycomb microstructure, comprising macro- and micro-

pores, was prepared by electrostatic slurry spray deposition for the Sm0.5Sr0.5CoO3-Ce0.8Sm0.2O2- 

composite cathode [140]. The polarization resistance was significantly decreased, ~0.1 Ω cm2 at 750 

ºC, compared to a conventional screen-printed cathode ~0.6 Ω cm2. Further investigations were carried 

out by adding polyvinyl pyrrolidone as additive to a La0.6Sr0.4CoO3-δ-CGO composite slurry, which 

was then deposited by electrospray deposition onto a NiO-YSZ/YSZ/CGO cell, obtaining crack free 

cathode layers. The maximum power density was of ~0.8 W cm-2 at 650 °C [141]. 

Such results indicate that the preparation of nanocomposite by spray routes is a promising strategy 

to obtain efficient cathodes for SOFCs in only one preparation step, simplifying notably the fabrication 

process. The main advantage of nanocomposites electrodes is their microstructural stability at high 

operation temperatures; however, new compositions and the durability after long term operation need 

to be further investigated.  

 

3.4. Graded and multilayered cathodes 

It is well known that the contact quality and electrical properties between two different layer 

materials may be tailored by gradually changing the composition or porosity between them. Each 

individual layer needs to be graded in a way that enables a constant and smooth transition from one 

pure compound to the other one. The generated gradient minimizes the thermal expansion coefficient 

mismatch between the electrolyte and the electrode materials, improving the mechanical stability.  
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Gradient porous LSM cathodes, with ∼30 μm thickness, were prepared by USP by optimizing the 

deposition parameters. By using a dilute organic solution, a thin layer of LSM was first deposited on 

YSZ, followed by three gradient porous layers sprayed from a concentrated solution at higher 

temperatures [93]. 

 Recently, Sharma et al. prepared a graded composite based on the combination of different 

Ruddlesden-Popper phases with composition Lan+1NinO3n+1 (n=2 and 3) [142]. In order to achieve a 

gradient composite, first a dense and a coral-type layer of La2NiO4 were deposited by ESD on YSZ 

electrolytes, followed by screen-printing layers of La2NiO4:La3Ni2O7+δ or La2NiO4:La4Ni3O10-δ, which 

partially penetrated into the coral-type layers. Finally, current collector layers of La3Ni2O7+δ or 

La4Ni3O10-δ were screen-printed, obtaining the graded composites. The polarization resistance was as 

low as 0.21 Ω cm2 at 600 ºC, showing better electrochemical performance than the homogenous 

La2NiO4:La4Ni3O10-δ (50:50 wt.%) composite cathode, 0.50 Ω cm2 at 600 ºC. Moreover, the graded 

composite cathodes showed a good stability at 650 ºC for 15 days.  

Further research on gradient composite cathodes were carried out by Lee et al. by depositing 

Sm0.5Sr0.5CoO3-δ-BaCe0.7Zr0.2Y0.1O3-δ (SSC-BCZY) by electrostatic spray slurry deposition, gradually 

decreasing the BCZY-content (Fig. 5b). The graded composites greatly improved both the ohmic and 

polarization resistances of an anode supported cell [143]. Later on, the same research group developed 

a gradient porous composite based on La0.6Sr0.4Co0.2Fe0.8O3-δ-BaCe0.7Zr0.15Y0.15O3-δ (LSCF-BCZY) 

that drastically reduced the polarization resistance, especially for the low frequency process of the 

impedance spectra, assigned to the charge-transfer reaction on the electrode surface. In order to obtain 

a graded porosity, two separated solutions of LSCF-BCZY and super P carbon black as pore former 

were prepared. The flow rate of the pore former solution was changed during spray deposition to tailor 

the porosity [144]. 

Holtappels and Bagger prepared two graded electrode configurations consisting of 5 and 9 layers 

of YSZ-LSM and LSM-LSC [145]. A precursor solution with low LSM content was firstly deposited 

on the electrolyte and the subsequent YSZ-LSM/LSM-LSC layers were graded in composition. The 

graded cathode showed a homogenous distribution of pores and particles. In such configuration, the 

composition smoothly changed in the whole thickness of the cathode, allowing a soft transition 

between the three materials. The electrochemical performance of these graded electrodes was 

considerably enhanced, Rp=0.2 Ω cm2 at 750 ºC, due to the improved functionality of each individual 

layer. Hence, the enhanced performance of the graded cathodes was attributed to the optimized 

interfaces, combined with the better current collection of the LSC films close to the active layers.  

In 2019, an innovative electrode architecture consisting in alternating layers of LSCF and CGO 

was prepared by CSD [146]. Two different precursor solutions of each material were supplied 
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independently by two syringe pumps, and alternatively sprayed onto the CGO substrates. The resulting 

multilaminated material was highly porous with vertical channels that guaranteed a good oxygen 

diffusion inside the electrode (Fig. 5c). The polarization resistance decreased with the number of 

LSCF/CGO bilayers, i.e. 0.38 and 0.11 Ω cm2 at 600 ºC for the blank LSCF and five LSCF/CGO 

bilayers, respectively. These values were relatively low compared to those of a screen-printed LSCF-

CGO composite cathode, 2.1 Ω cm2. The electrocatalytic improvement was attributed to the extended 

TPB due to a higher contact area between LSCF and CGO materials. Moreover, the CGO layers acted 

as a protective coating to prevent the carbonation of the LSCF surface that usually blocks the catalytic 

sites for ORR after long term operation [147-149]. The authors concluded that this novel strategy may 

be employed to prepare different cathode and anode materials with enhanced stability and 

performance. 

 

 

Fig. 5. (a) SEM image of the functionally graded Lan+1NinO3n+1 (n= 1 and 2) cathode deposited by ESD with a 
screen-printed (SP) La2NiO4 cathode [142], Copyright 2017 Royal Society of Chemistry. (b) Combined SEM 
and EDX mapping of a Sm0.5Sr0.5CoO3−δ-BaCe0.7Zr0.2Y0.1O3−δ gradient composite cathode prepared by ESD 
[143], Copyright 2014 Elsevier, and (c) SEM image of the LSCF-CGO multilayer composite cathode obtained 
by CSD [146], Copyright 2019 Elsevier. 

 

3.5. Nanostructured cathodes deposited onto porous backbones 

In the last few years, the infiltration method is one of the most employed procedures to develop 

highly efficient cathodes. In such approach, a porous electrolyte backbone is formed on a dense 

electrolyte, and then a precursor solution containing the stoichiometric metal salt precursors of the 

catalyst material is infiltrated into the porous backbone [38,150,151]. After successive 

infiltration/thermal treatments, a nanostructured electrode is formed on the backbone surface (Fig. 2f). 

By this way, electrodes with an extended TPB length are obtained, which are more efficient at low 

operating temperatures [152-155]. This method has been widely used in small lab-scale research; 

however, its implementation at large-scale is complicated for two reasons: (i) multiple impregnation 

and heat treatments cycles are needed to achieve a sufficient conductivity and stability of the infiltrated 
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electrodes, resulting in a high time consumption and cost; and (ii) it is difficult to obtain a 

homogeneous distribution of the catalytic material by manual dropwise addition over large areas.  

In 2015, an alternative approach to the classical infiltration method was developed by dos Santos-

Gómez et al., which consisted on depositing the cathode precursor solution by CSD onto the surface 

of a porous electrolyte backbone [123]. To ensure a good penetration of the precursor salts, the 

deposition temperature was as low as 200 ºC. A double layer electrode was obtained; the inner layer 

was a porous backbone homogeneously coated by the active material that provided a high TPB density 

for ORR, whereas, the top layer was formed exclusively by nanoparticles of a MIEC that improves the 

current collection (Fig. 6a-b). The thickness of both the superficial layer and the backbone coating 

were tailored by changing the deposition temperature and time. This strategy was employed with 

different cathode materials, such as La0.6Sr0.4Co1-xFexO3-δ (x = 0, 0.2, 0.8 and 1) on CGO electrolytes 

(Table 4). Low Rp values were obtained, e.g. 0.18 Ω cm2 for LSF, 0.078 Ω cm2 for LSCF and 0.071 Ω 

cm2 for LSC, at 600 ºC [156]. These values were lower than those obtained for related cathode 

materials prepared by the wet-infiltration method. In another study, the layered perovskite 

PrBaCo2O5+ (PBC), deposited onto a porous CGO backbone by CSD, showed a polarization 

resistance of only 0.027 Ω cm2 at 600 ºC compared to 0.22 Ω cm2 for the same cathode prepared by 

screen-printing. A remarkable peak power density of 0.95 W m-2 at 600 ºC was obtained for the 

nanostructured PBC cathode in a Ni-CGO/CGO/PBC cell [107]. Even more interesting, the 

nanostructured PBC achieved improved durability, with stable Rp values after 600 h of operation (Fig. 

6c). The authors concluded that this innovative approach involves some advantages in comparison to 

the classical wet infiltration method: (i) the temperature may be changed during the deposition process 

to decompose in-situ the precursor salts, reducing preparation steps, costs and time; (ii) a more 

homogeneous distribution of the catalytic material over large area is possible; and (iii) a shadow mask 

may be employed to cover a specific surface of the electrolyte.  

A similar strategy was used by Sharma et al. [157]. A porous CGO backbone was first deposited 

on a CGO electrolyte, and then coated with a Ln2NiO4+ (Ln=La, Pr) porous layer by EDS that partially 

penetrated into the CGO backbone, leading to a CGO-Ln2NiO4+ composite. Finally, a Ln2NiO4+  

current collector layer was deposited by screen-printing. This triple layer electrode architecture showed 

stable polarization resistances of 0.08 and 0.03 Ω cm2 at 650 ºC for La2NiO4+ and Pr2NiO4+, 

respectively. 

Song et al. recently reported an epitaxial deposition of Sm0.5Sr0.5CoO3- (SSC) infiltrated into 

La0.6Sr0.4Co0.2Fe0.8O3-δ-Ce0.8Gd0.2O1.9 cathodes via USD (Fig. 6d) [158]. The infiltrated cathode 

showed a dramatic decrease of the ohmic and polarization resistance, whereas only a slight 

improvement was achieved for those electrodes prepared by the traditional infiltration approach. TEM 



 

24 

analysis revealed an epitaxial growth of SSC on the surface of the LSCF cathode, which explained the 

performance improvement (Fig. 6e). In addition, no appreciable degradation was observed after 300 h 

of operation. The SSC infiltrated LSCF-CGO cathode showed a maximum power density of 0.79 W 

cm-2 at 800 ºC compared to 0.34 W cm-2 for the same cell with the non-infiltrated cathode (Fig. 6f). 

 

Fig. 6. (a, b) SEM images at different magnifications of a PrBaCo2O5+ cathode infiltrated into CGO backbone 
by CSD, and (c) variation of the polarization resistance over time for cathodes obtained by CSD and traditional 
screen-printed (SP) at 650 ºC. The inset figures show the impedance spectra at different times [107], Copyright 
2017 Royal Society of Chemistry. (d) Cross-sectional SEM image of a NiO-ScCeSz/ScCeSZ/CGO/LSCF-CGO 
anode-supported cell, (e) HAADF-STEM image showing the epitaxial growth of Sm0.5Sr0.5CoO3 cathode 
deposited by USD into LSCF backbone and (f) voltage-power density curves of the single cell [158], Copyright 
2020 Royal Society of Chemistry.  

 

BaCO3 nanoparticles, which have demonstrated excellent catalytic activity for ORR [159], were 

also infiltrated by USD into LSCF and LSCF-SDC cathodes. For this purpose, a precursor solution of 

barium acetate, modified by a surfactant (Triton™X-100), was used [160]. The polarization resistance 

of BaCO3-infiltrated LSCF was of 1.2 Ω cm2 at 700 ºC and increased only 1.6% after 500 h.  

Spray-coating has been also employed to control the surface phase segregation in perovskite-based 

electrodes [147]. It has been reported that alkaline-earth containing cathodes, such as LSCF, are 

susceptible to surface phase segregations [161], which are usually related to electrostatic effects and 

the structural stress generated in the crystal structure when large cation dopants are incorporated into 

the lattice. In particular, Sr-enrichment on the surface of LSCF leads to a deactivation of oxygen 

dissociative adsorption and, consequently, the performance decreases over time. In this context, the 

durability of LSCF may be improved by superficial modifications. For instance, Lynch et al. observed 

enhanced durability and performance in a LSCF cathode coated with LSM particles [162]. Similarly, 
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Gong et al. have found that the performance of LSCF-CGO was retained by coating the electrode 

surface with a ZrO2 film by atomic layer deposition [163].  

 

Table 3. Electrode properties of cathodes prepared by using different strategies by spray-pyrolysis deposition and 
techniques. Polarization resistance in air and power densities are given at 600 ºC. In those cases, where not data are 
available at 600 ºC, the temperature is included 

 

 

In 2017, LSCF-CGO cathodes were successfully coated with a CGO thin film by CSD [147]. The 

coated cathodes presented lower degradation rate over time, as well as lower Rp values due to the 

protective effects of CGO coating and the extended TPB. These protective coatings were only effective 

at temperatures lower than 800 ºC due to the grain growth and coarsening at higher annealing 

temperature. An anode supported cell with the protected cathode showed a power density of 0.50 W 

cm-2 at 600 ºC compared to 0.39 W cm-2 for the same cell with the uncoated cathode. The authors 

Strategy Composition Abbreviation 
Preparatio

n 
Thickness 

(µm) 
Particle 

size (nm) 
Electrolyte

Rp
air (Ω 

cm2) 
P 

(W cm-2) 
Ref. 

Nanocomposite 
La0.8Sr0.2MnO3-δ + 

Ce0.9Gd0.1O1.95 
LSM-CGO CSD -- 15 YSZ 0.29 0.29 130 

Nanocomposite 
La0.6Sr0.4Co0.2Fe0.8O3−

δ + Ce0.8Gd0.2O1.9 
LSCF-CGO CSD 0.15-0.35 3-30 YSZ 2 -- 131 

Nanocomposite 
La0.6Sr0.4Co0.2Fe0.8O3-

δ + Ce0.8Gd0.2O1.9 
LSCF-CGO CSD 0.25-0.30 15-50 YSZ 3 -- 132 

Nanocomposite 
La0.6Sr0.4Co0.2Fe0.8O3-

δ + Ce0.9Gd0.1O2-δ 
LSCF-CGO ESD 4-6 <100 CGO 0.13 -- 137 

Nanocomposite 
La0.6Sr0.4Co0.2Fe0.8O3-

δ + Ce0.9Gd0.1O1.95 
LSCF-CGO CSD 6 30-50 CGO 0.16 0.71 138 

Nanocomposite 
La0.6Sr0.4Co0.8Fe0.2O3-

δ + Ce0.9Gd0.1O2-δ 
LSCF-CGO ESD 2 45 CGO 2.75 -- 139 

Nanocomposite 
Sm0.5Sr0.5CoO3-δ + 

Ce0.8Sm0.2O2-δ 
SSC-CSO ESD 20 -- CSO 

0.1 
(750ºC) 

-- 140 

Graded 
La2NiO4+δ − 
La4Ni3O10 

-- ESD 30 150-800 CGO 0.22 -- 142 

Graded 
La2NiO4+δ − 

La3Ni2O7 
-- ESD 30 150-450 CGO 0.21 -- 142 

Graded 
Sm0.5Sr0.5CoO3-δ-

BaCe0.7Zr0.2Y0.1O3-δ 
SSC-BCZY ESD 20 - BCZY 0.23 

0.41  
(700 ºC) 

143 

Multilaminated 
La0.6Sr0.4Co0.2Fe0.8O3-

δ + Ce0.9Gd0.1O1.95 
LSCF-CGO CSD 5 30 YSZ 0.11 - 146 

Infiltrated La0.8Sr0.2MnO3-δ LSM CSD 10 -- CGO 0.18  -- 123 

Infiltrated  Ce0.8Gd0.2O1.9 LSCF CSD 15 30 CGO 0.25 0.5 147 

Infiltrated  La0.6Sr0.4FeO3-δ LSF CSD 10 -- CGO 0.18 -- 156 

Infiltrated  
La0.6Sr0.4Co0.8Fe0.2O3-

δ 
LSCF CSD 10 -- CGO 0.078 -- 156 

Infiltrated  La0.6Sr0.4CoO3-δ LSC CSD 10 -- CGO 0.071 -- 156 

Infiltrated PrBaCo2O5+δ PBC CSD 11 <50 CGO 0.027 0.95 107 

Infiltrated 
La0.6Sr0.4Co0.2Fe0.8O3-

δ/ Sm0.5Sr0.5CoO3-δ 
LSCF/SSC UPD 30 -- 

Sc0.10Ce0.01

Zr0.89O2 
- 

0.79  
(800 ºC) 

158 

Infiltrated  BaCO3 nanoparticles BaCO3 USD -- 100 CGO 1.2 -- 159 

Infiltrated 
BaCo0.4Fe0.4Zr0.1Y0.1

O3-δ 
BCFZY CSD -- 30-80 CGO 0.067 1.0  110 

Infiltrated  La2CuO4+δ LCO CSD 12 220 CGO 0.14 -- 105 
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concluded that the CGO coating approach may be used with a wide range of electrodes containing 

alkaline-earth elements to improve the durability and performance of the cell. This coating strategy 

might also be used to prevent chromium poisoning from the interconnector materials, as well as to 

improve the stability of the anode materials against carbon deposition and sulphur poisoning. 

 Table 3 compares the properties of several cathodes prepared using the different microstructural 

strategies discussed in sections 3.2-3.5. In general, the best results, with the lowest values of 

polarization resistance, were obtained for the infiltrated electrodes. For instance, LSM deposited 

directly on a YSZ electrolyte, LSM-CGO nanocomposite and LSM infiltrated into a YSZ backbone 

exhibited Rp values of 1.8, 0.29 and 0.18 Ω cm2 at 600 ºC, respectively. 

 

3.6. Cathodes with functional and active layers. 

 Active functional layers, i.e. a composite material or a nanostructured layer with good 

electrochemical activity for ORR, are usually introduced between the electrolyte and the cathode to 

improve the performance [164]. Moreover, the use of thin active interlayers is also a useful strategy to 

improve the charge transfer reactions at the electrode/electrolyte interface. Since different 

electrochemical processes take place at the interfaces between the different SOFC components, they 

play an important role on the electrode performance. In this section, functional and active layers 

prepared by spray-pyrolysis techniques are discussed. 

In 2016, Sharma et al. reported a novel microstructural design consisting on Ln2NiO4+δ (LnNO; 

Ln = La, Pr) thin films prepared by ESD, followed by a screen-printed cathode with the same 

composition [157,165]. The Rp values decreased from 3.33 to 0.08 Ω cm2 at 600 °C for PrNO cathode 

without and with the functional layer, respectively. The active functional layer not only enhanced the 

electrochemical properties but also provided stable Rp values over time. Similarly, Khamidy et al. 

prepared active layers of LaPrNiO4+δ (LPNO) by combining ESD and screen-printing deposition, 

obtaining electrodes with a low polarization resistance, 0.20 Ω cm2 at 600 ºC [166,167]. Recently, 

La2−xPrxNiO4+δ (x = 0, 0.5, 1 and 2) layers have been also prepared by ESD, consisting of a dense layer 

(~100 nm) and a 3D coral microstructure (~20 μm), topped by a screen-printed current collector of the 

same composition [168]. The results revealed that LaPrNiO4+δ showed the best compromise between 

electrochemical properties and stability, achieving rather low Rp values, 0.12 Ω cm2 at 600 ºC, and a 

maximum power density of 0.44 W cm-2 at 700 ºC in an Ni-YSZ/YSZ/CGO anode supported cell 

[168]. 

An interesting functional layer based on Pr6O11 was proposed in 2018 by Sharma et al. Layers 

with different morphologies, i.e. thick, thin, reticulated, coral and columnar type, were prepared by 
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ESD [169]. Single Pr6O11 phases with fluorite-type structure were obtained after calcination at 700 ºC 

for 2 h without any evidence of reactivity with the CGO electrolyte up to 800 ºC. A double electrode 

layer, composed by a Pr6O11 porous columnar microstructure by ESD topped by a LSCF screen-printed 

current collector layer, achieved one of the lowest Rp value reported so far, 0.02 Ω cm2 at 600 ºC. A 

Ni-YSZ/CGO single cell with such double layer architecture showed a maximum power density of 0.5 

W cm-2 at 700 ºC (Fig 7a-b). Since the electronic conductivity of Pr6O11 is rather low (1.3 S cm-1 at 

600 ºC [170]), the same research group investigated the influence of the current collector layer (Pr6O11, 

LSM and LSCF) and the morphology of Pr6O11 on the electrochemical performance [171]. The 

polarization resistance increased with the sintering temperature, suggesting that the surface area of 

Pr6O11 is the key parameter for its high performance. The composition and thickness of the current 

collector layer had a strong influence on the electrode polarization. The best result was found for a 30 

μm thick LSM screen-printed layer with a polarization resistance of 0.02 Ω cm2 at 600 ºC, similar to 

that reported previously for a LSCF current collector layer [169].  

LSCF, with high mixed ionic-electronic conductivity, has also been investigated as active layer for 

SOFCs. In particular, Castro-Robles et al. studied the conductivity of La1-xSrxCo0.2Fe0.8O3-δ 

(0 ≤ x ≤ 0.4) deposited by ESD onto rough glass [172]. Single orthorhombic phases were obtained for 

all compositions up to x=0.4. The conductivity increased with the Sr-content (0≤x≤0.4) from 4.2 to 

67.1 S cm-1 at 250 ºC. These results suggested that a nanostructured LSCF could be implemented as 

active layers for SOFCs. Çelikbilek et al. prepared a double-layer cathode, consisting in a 10 µm thick 

LSCF functional layer deposited by ESD and a LSCF current collector [173]. The microstructure of 

the active layer provided columnar channels for effective oxygen diffusion (Fig. 7c-d). The Rp value 

of this electrode was 0.037 Ω cm2 at 650 ºC and an anode supported cell with such configuration 

exhibited a peak power density of 1.4 W cm-2 at the same temperature (Fig. 7e). These improvements 

were attributed to the large surface area of the active layer for ORR.  

In 2019, Shin et al. prepared La0.6Sr0.4CoO3- (LSC) and LSC-CeO2 nanocomposite interlayers by 

ESD to improve the oxide-ion transport and the mechanical adhesion to the LSC cathode [174]. The 

LSC–CeO2 layer exhibited high TPB length due to grain growth suppression in nanocomposite 

materials, leading to a particle size below 20 nm, which was much smaller than the 80 nm for LSC 

layers. Ni-YSZ/YSZ/CGO anode supported cells were fabricated with a protective CGO buffer layer 

to prevent reactivity between the LSC cathode and the YSZ electrolyte (Fig. 7f). The cells with LSC-

CeO2 and LSC interlayers showed improved SOFC performances, reaching peak power densities of 

1.15 and 1.08 W cm−2 at 650 °C, respectively, which was 18% higher than a reference cell without an 

interlayer (Fig. 7g). Similarly, a bifunctional layer of CGO and LaNi0.6Fe0.4O3, deposited by CSP, was 

tested in YSZ-based SOFCs [175]. The introduction of the bifunctional layer led to an improved 

contact between the electrolyte and the porous cathode, resulting in a decrease of both the ohmic and 
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polarization resistances of the cell. A Ni-YSZ/YSZ/CGO/LNF cell generated a power density of 1 W 

cm-2 at 800 ºC. 

Zamudio et al. have prepared active interlayers of the fast-ionic conductor Bi1.5Y0.5O3- (BYO) by 

CSD [176]. The incorporation of a BYO interlayer between YSZ electrolyte and LSM cathode 

decreased the resistances of both high- and low-frequency contributions of the impedance spectra, 

suggesting that the active layer not only improved the charge transfer at the electrolyte interface but 

also extended the surface path of the electrochemical reaction sites. A nanostructured LSM cathode 

deposited directly by CSP on YSZ electrolyte exhibited a polarization resistance of 1.15 Ω cm2 at 600 

ºC compared to 0.55 Ω cm2 for the same cathode with a BYO active layer. 

 

 

Fig. 7. (a) SEM images of Pr6O11 active functional layer obtained by ESD and (b) voltage-power density curves 
at 600 and 700 ºC for a NiO-CGO/CGO/Pr6O11/LSCF cell [169], Copyright 2018 Royal Society of Chemistry. 
(c) Surface image of a LSCF active functional layer obtained by ESD, (d) cross-sectional SEM image of a Ni-
YSZ/YSZ/CGO/LSCF cell and the corresponding (e) voltage-power density curves at different temperatures 
[173], Copyright 2019 Royal Society of Chemistry. (f) SEM image of a double active layer formed by a CGO 
and LSC-CeO2 films obtained by pulsed-laser deposition and CSD, respectively. (g) Voltage-power density 
curves of the Ni-YSZ/YSZ/CGO/LSC-CGO cells with LSC and LSC-CeO2 active layer and blank cell without 
active layer [174], Copyright 2019 Elsevier.  

 

Recently, Zapata-Ramírez et al. employed the CSD technique to obtain dense active layers of 

Ce0.8Gd0.2O2−δ (CGO), Ce0.8Pr0.2O2−δ (CPO) and SrFe0.9Mo0.1O3−δ (SFM) of approximately 300 nm 

thickness between the CGO electrolyte and the screen-printed SFM cathode [177]. Considerable 

modifications in the serial and polarization resistances were observed, especially in the low 

temperature range due to the different transport properties of the interlayers. The best results were 
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achieved for a CPO active interlayer due to its higher mixed ionic-electronic conductivity, increasing 

the surface path for the electrochemical reactions. Similarly, the electrical properties of the LSCF 

cathode were investigated in contact with active layers of Sm0.5Sr0.5CoO3−δ (SSC), La0.6Sr0.4CoO3−δ 

(LSC), La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF), and Pr6O11 prepared by CSP [178]. The introduction of these 

interlayers also improved the contact between the electrode and the electrolyte, and consequently the 

electrode performance. Rp values of 0.5, 0.245, 0.137, 0.119 and 0.107 Ω·cm2 at 600 ºC were obtained 

for cells without and with Pr6O11, LSCF, LSC and SSC interlayers, respectively, at 600 ºC. 

Furthermore, an anode-supported cell without and with a LSC interlayer reached maximum power 

densities at 600 ºC of 0.74 and 1.22 W·cm-2, respectively.  

 The properties of different functional and active layers prepared by spray-pyrolysis are given 

in Table 4. 

Table 4. Properties of active and functional layers, prepared by spray-pyrolysis techniques, used with 
different cathodes. Polarization resistance in air and power densities are given at 600 ºC. In those cases, 
where not data are available at 600 ºC, the temperature is included.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Functional layer Electrode Deposition 
thickness 

(µm) 
Particle size 

(nm) 
Electrolyte

Rp
air (Ω 

cm2) 
P 

(W cm-2) 
Ref. 

LNO LNO+LNO(SP) ESD -SP 40 150 CGO 0.42 -- 165 
LNO LNO(SP) ESD -- -- CGO 0.42 -- 157 

LNO 
LNO(SP)+CGO(S

P) 
ESD -- -- CGO 0.16 -- 157 

Pr6O11 LSM ESD 6 35 CGO 0.02 -- 171 
PNO PNO(SP) ESD -- -- CGO 0.08 -- 157 

PNO 
PNO(SP)+CGO(S

P) ESD 8 -- CGO 0.04 -- 157 

LPNO LPNO ESD 20 150 CGO 0.69 -- 166 
CGO LPNO ESD 31 150 CGO 0.20 -- 166 
LSCF LSCF ESD 10 -- CGO 0.1 1.00 173 

LSC LSC ESD -- -- YSZ/CGO 
0.169 

(650ºC) 
1.11(650ºC) 174 

LSC + CeO2 LSC-CeO2 ESD -- 20 YSZ/CGO 
0.171 

(650ºC) 
1.15 (650ºC) 174 

BYO LSM(SP) CSD 0.2 -- YSZ 0.55 (650ºC) -- 176 
SFM SFM+CGO(SP) CSD 0.2-0.4 20 CGO 1.90 -- 177 
CGO SFM+CGO(SP) CSD 0.2-0.4 20 CGO 0.80 -- 177 

Ce0.8Pr0.2O2-

δ(CPO) 
SFM+CGO(SP) CSD 0.2-0.4 20 CGO 0.30 -- 177 

LSCF LSCF CSD 0.4 28700 ºC CGO 0.137 - 178 
Pr6O11 LSCF CSD 0.5 49700 ºC CGO 0.245 - 178 

La0.6Sr0.4CoO3−δ LSCF CSD 0.5 23700 ºC CGO 0.119 1.21 178 
Sm0.5Sr0.5CoO3−δ LSCF CSD 0.6 27700 ºC CGO 0.107 - 178 

CGO LSCF CSD 0.15 33.6-84.5 YSZ 0.42 (700ºC) -- 183 

CGO LSCF CSD 0.3 -- YSZ 
0.154 

(750ºC) 0.73 (750ºC) 184 

CGO LSCF CSD 0.7 -- YSZ 0.114 
(750ºC) 

0.99 (750ºC) 184 

CGO LSCF CSD 1.5 -- YSZ 0.106 
(750ºC) 

0.81 (750ºC) 184 

Ce0.6La0.4O2-

δ(LDC) 
Ni-YSZ FSD 5 -- LSGM -- 0.04 186 

LDC NiO-CGO FSD -- -- LSGM 1.0 0.46 (750ºC) 187 
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3.7. Doped-ceria protective and active interlayers 

As aforementioned, the elevated operating temperature of SOFCs may cause stability issues after 

long-term operation due to cation interdiffusion and chemical reactivity between the material layers of 

the cell [179]. A possible solution to mitigate the thermal incompatibility between the cell components 

is the introduction of a protective buffer layer. Such nanostructured protective layers not only avoid 

the reactivity between the materials but also improve the electrode performance due to better adhesion 

and charge transfer reactions between the electrolyte and electrodes. 

The most commonly used buffer layers are those based on doped-CeO2 due to its better 

compatibility with efficient cathodes, such as LSCF, BSCF and PBC, which are chemically 

incompatible with YSZ electrolyte [180]. These interlayers need to be sufficiently thin and dense to 

avoid the introduction of additional ohmic losses. Traditionally, CGO layers are prepared by screen-

printing; however, sintering temperatures as high as 1200-1400 ºC are required, leading to cation 

interdiffusion between materials [180]. Thus, dense CGO buffer layers need to be prepared at reduced 

temperatures. Among the different physical and chemical deposition methods to obtain CGO 

protective layers, spray pyrolysis has been widely investigated due to the previously mentioned 

advantages, i.e. no-vacuum process, economic and scalable technique, among others. 

The microstructural evolution with the annealing temperature of CGO layers, deposited by CSD, 

was widely studied by Gauckler et col. [181,182]. The as-deposited layers were amorphous at 370 ºC. 

SEM images of CGO films revealed a ~50 vol.% porosity up to 800 ºC, attributed to the decomposition 

of the organic compounds employed in the precursor solution. Fully dense CGO films were obtained 

at temperatures higher than 1000 ºC. Later, dos Santos-Gómez et al. prepared CGO films by CSD, 

employing aqueous precursor solutions of acetate, chloride and nitrate salts at a deposition temperature 

of 450 ºC [183]. This temperature is significantly lower than that used by traditional screen-printed 

method, 1200 ºC, avoiding cation interdiffusion between the YSZ and CGO layers. In particular, 

acetate salts provided dense CGO layers with enhanced morphological features after deposition and 

annealing at 450 ºC, i.e. 1.5 nm of roughness, uniform thickness of about 300 nm and good adherence. 

Such films were evaluated as protective layers in LSCF/YSZ/LSCF symmetrical cells. The cell with 

protective CGO layers exhibited a stable Rp value of 0.42 Ω cm2 at 750 ºC. In contrast, the same cells 

without CGO interlayers suffered a drastic increase of Rp from 1 to 36 Ω cm2 after 150 h of operation.  

Further insights about CGO barrier layers deposited by CSD onto YSZ substrates were carried out 

by Molin et al. in 2020 [184]. Thin and dense CGO layers with different thicknesses (300, 700 and 

1500 nm) were prepared. The power output generated for a NiO-YSZ/YSZ/CGO/LSCF cell was 

dependent on the CGO layer thickness. The best performance was found for the 700 nm thick CGO 

film, showing the lowest ohmic and polarization resistances as well as better stability over time. The 
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authors found that thin films (300 nm) are not effective to prevent cation interdiffusion, due to 

delaminations of the CGO layers, whereas thicker barrier layers (1500 nm) negatively affect the total 

ohmic resistance of the cells. 

Other authors have also obtained dense CGO protective layers prepared by CSD to prevent the 

reaction between the electrolyte and electrodes. For instance, Stoermer et al. prepared CGO buffer 

layers deposited between the LSM cathode and the YSZ electrolyte by CSD, which avoided the 

formation of an insulating La2Zr2O7 and the degradation of the cell [185]. 

Ma et al. have introduced a La-doped CeO2 (LDC) thin film as interlayer by plasma spray between 

a NiO-YSZ anode and a LSGM electrolyte, preventing the formation of LaNiO3 [186]. Wang et al. 

have also confirmed that LDC films prepared by plasma spray were effective interlayers to avoid 

reactions between Ni-based anodes and LSGM electrolytes. The cell with such buffer layer showed a 

constant performance at 650 ºC, confirming the suppression of the interfacial reactivity [187]. 

Several authors have prepared CGO protective layers by other spray-based techniques. 

Karageorgakis et al. deposited dense and homogenous CGO thin films by FSD deposition [188]. 

Rossignol et al. obtained continuous, crack-free and dense CGO films by ESD with a thickness of only 

85 nm [189]. Constantin et al. have applied the ESD technique to prepare CGO thin films on YSZ 

substrates, without visible reaction between YSZ and LSCF at an annealing temperature of 800 ºC 

[190]. All these results verify that spray techniques are an effective method to obtain dense and 

nanostructured CeO2-based interlayers to prevent reactivity between cell components, as well as 

improving the electrode performance. 

 

4. Anode and symmetrical electrodes 

Regarding the preparation of anode materials by spray pyrolysis techniques, most of the 

investigations are devoted to the preparation of Ni-YSZ and Ni-CGO powders [191-200] with 

spherical or core-shell morphologies. In general, these anodes exhibit improved electrochemical 

performance in terms of lower overpotential and ohmic losses, when compared to traditional Ni-

cermets obtained by mixing powders. In addition, the better homogeneity of these anodes helps to 

suppress the Ni coarsening. For instance, Kawano et al. reported an easy way to control the 

morphology and composition of NiO-Ce0.9Sm0.1O1.95 (NiO-CSO) anodes by CSD. Either citric acid or 

nitric acid were added to the nitrate starting solution, obtaining a highly dispersed NiO and CSO 

spherical or instead capsule-type particles, where NiO was covered with a thin CSO layer. The 

performance of the cell fabricated with highly dispersed particles was slightly better than the cell 

fabricated with capsule-type particles [195]. A single cell based on Ni-GDC presented an almost 

negligible degradation after 500 h of operation [192] 
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Related to thin film anodes, Liu et al. deposited Ni-CGO films onto YSZ substrates by ESD. In 

order to control the microstructure and porosity of the anode, the deposition temperature, time, 

precursor solution concentration and feed rate were varied [201]. It was found that the particle size 

increased from 2 to 20 µm when the concentration of the precursor solution was also increased from 

0.025 to 0.4 mol L-1 at 250 ºC (Fig. 8a-d). Furthermore, the particle size and the porosity increased and 

decreased with an increasing deposition temperature due to a fast evaporation rate of the solvent [202]. 

The authors also commented that temperatures above 450 ºC should be avoided due to crack and 

delamination of the layers as consequence of the high thermal stress. Further investigations on the 

electrochemical properties of Ni-CGO onto YSZ were carried out by the same authors in the above-

mentioned conditions. A Ni–CGO/YSZ/Ni–CGO symmetrical cell showed a considerable decrease of 

the polarization resistance (5.25 to 0.61 Ω cm2 at 763 ºC) and the activation energy (from 1.06 to 0.86 

eV) when the particle size was decreased from 17 to 1.5 μm [203]. Later, an electrode polarization 

model for the same configuration was investigated by incorporating different electrode microstructural 

characteristics. This model was capable of predicting the electrochemical performance, based on 

different microstructural variations, with a discrepancy lower than 10% [204]. Further studies were 

carried out by Taniguchi et al., depositing NiO-CSO thin films onto CSO substrates by ESD, obtaining 

high porosity films at deposition temperatures between 300-350 ºC by using a precursor solution of 

0.005 M with a mixture of ethanol and butyl-carbitol as solvents (1:1) [205]. Similar results were 

obtained for NiO-YSZ deposited by ESD using methanol as solvent [206]. 

The influence of the substrate on the microstructure of NiO-CGO was also studied. Different 

substrates were used, i.e. silicon, stainless still and glass, among which silicon wafers obtained the best 

results due to the lower contact angle of the aerosol drops, i.e. 25.2º, 17.3º and 5.3º, respectively [207]. 

In this case, the effect of the precursor solution flow rate on the film morphology was also studied. A 

highly porous cauliflower morphology was obtained due to the particle agglomeration at 450 ºC and 

flow rates of 0.7 ml h-1. An increase in the flow rate to 2.8 ml h-1 resulted in larger aerosol droplets, 

diminishing the particle agglomeration, being the cauliflower morphology no longer obtained and 

achieving instead a continuous film. Further increasing of the flow rate up to 8.0 ml h-1 produced very 

dense and cracked films that were not suitable for SOFC anodes.  

Composite anode materials with composition La0.2Sr0.8TiO3-Ce0.8Sm0.2O1.9 (LST-CSO) were 

prepared by both plasma spray [208] and USD [209] for LSGM electrolyte supported cells. Stability 

tests at 1050 ºC for 10 h in H2, CO2 and CH4 humidified atmospheres showed that LST-CSO exhibited 

good chemical compatibility with LSGM. A 320 µm thick LSGM-supported cell showed a maximum 

power density of 0.3 W cm-2 at 800 ºC, confirming that LST-CSO deposited by USD could be a 

promising anode for LSGM-based SOFCs [209].  
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Fig. 8. (a-d) SEM images of NiO-CGO anodes deposited onto YSZ by CSD at different temperatures and 
precursor solution concentrations [201], Copyright 2010 Elsevier. (e) SEM image of a metal supported SOFC 
prepared by FSD and (f) voltage-power density curves at different temperatures [211], Copyright 2009 Elsevier. 

 

Because of the high versatility, effectiveness and low price of spray-based techniques, this 

approach has been deeply studied in the fabrication of metal-supported SOFCs (Fig. 8e). Spray 

pyrolysis possesses the advantage that both anode and electrolyte can be deposited consecutively 

without a subsequent thermal treatment of the metal supported cell [210-212]. In contrast, traditional 

deposition methods, such as screen-printing, electrophoretic deposition or tape casting, are followed 

by several sintering steps, which can produce the oxidation of the metallic substrate [213]. Remarkable 

results were achieved for a metal-supported SOFC with a NiO-CSO/CSO/Sm0.5Sr0.5CoO3 

configuration, which rendered a maximum power density of 0.92 W cm-2 at 700 ºC and high stability 

over time (Fig. 8f) [211].  

The properties of the anode materials are summarized in Table 5. The polarization resistance 

values for spray-pyrolysis anodes are relatively high, when compared to those reported for cathode 

materials. This fact is possibly due to non-optimized preparation conditions. Thus, further investigation 

in nanostructured anodes for SOFC is required by using the recent microstructural strategies developed 

for cathode materials. 

Single perovskites based on Ti-doped SrFeO3- were investigated simultaneously as both anode 

and cathode for symmetrical SOFCs. Layers with composition Sr0.98Fe1-xTixO3-δ (x=0, 0.2, 0.4 and 0.8) 

were deposited by CSD on YSZ [214]. The electrodes were stable under reducing and oxidizing 

atmospheres. Sr0.98Fe0.8Ti0.2O3-δ exhibited Rp values of 0.1 and 0.07 Ω cm2 in air and H2, respectively, 

at 700 ºC. A 300 µm thick LSGM electrolyte-supported cell generated a power density of 0.7 W cm-2 
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at 800 ºC. This work confirmed that different MIECs can be prepared by spray-pyrolysis and 

potentially used as SOFC anodes.  

Table 5. Properties of the anode materials prepared by spray-pyrolysis techniques.  

 

 

5. Conclusions and perspectives  

The lowering of the operating temperature of SOFC devices to the range of 500-700 ºC is 

crucial for the widespread commercialization of this technology. However, at low temperatures, the 

electrochemical reactions in the electrode are not favored, despite the fact that the physical and 

chemical compatibility between cell components are improved. Although novel and efficient electrode 

materials have been developed in the last few years, e.g. La0.6Sr0.4Co0.8Fe0.2O3-, Ba0.5Sr0.5Co0.8Fe0.2O3-, 

PrBaCo2O5+ and Sm0.5Sr0.5CoO3-, most of them suffer from certain deficiencies related to phase stability 

after long-term operation and chemical compatibility with the electrolyte, which may be derived from 

the intrinsic material properties or as a result of inadequate synthetic methods. In this context, the 

traditional electrode preparation, based on screen-printing, has the disadvantage of a high sintering 

temperature (1000-1200 ºC) needed to ensure a good adherence to the electrolyte. Such sintering 

temperatures result in a loss of the electrode performance and possible reactivity with the electrolyte.  

The growing of electrodes directly on the electrolyte could overcome some of the critical issues 

related to adherence and the physical and chemical compatibility between the cell components. In this 

context, spray-pyrolysis is a cost effective and easily scalable technique to prepare layer materials with 

a wide variety of morphologies, i.e. dense, porous, cracked coral-like, flower-like, etc., by simply 

varying the deposition conditions, such as temperature and precursor type. This technique has been 

widely used in the last few years to prepare different cathode materials for SOFCs: LSM, LSCF, 

La2(Ni,Cu)O4, PrBa(Co,Fe)O5+, Sr0.5Sm0.5O3-, etc. Different microstructural strategies have been 

also employed to obtain nanostructure electrodes with better durability and performance, including 

Composition Morphology Preparation 
Thickness 

(µm) 
Particle size 

(nm) Electrolyte
Rp

air  
(Ω cm2) P (W cm-2) Ref. 

NiO + CSO 
Matrix and capsule 

type CSP -- -- LSGM -- 
0.30 

(750ºC) 195 

Ni + CGO Porous USD 18-37 1.5-17 µm YSZ 
5.45-0.61 

(663-
673ºC) 

-- 201 

La0.2Sr0.8TiO3 + CSO Porous FSD 40-50 60-500 LSGM 
0.53 

(800ºC) 
0.30 

(800ºC) 208 

La0.2Sr0.8TiO3 + CSO Porous USD -- 0.4-3.4 µm LSGM -- 
0.14 

(800ºC) 209 

NiO + CSO Porous FSD 40 -- CSO -- 0.92 
(700ºC) 

211 

Sr0.98Fe0.8Ti0.2O3-δ 
Porous CGO 

scaffold coated by 
SFT0.2 

CSD 20 50 LSGM 
0.07 

(700ºC) 
0.7 (800ºC) 214 
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single phase electrodes, nanocomposite electrodes, graded electrodes, infiltrated electrodes, protective 

and active functional layers. 

One of the main limitations of the nanostructured electrodes is their microstructural stability at 

elevated temperatures due to grain growth and coarsening. These drawbacks can be overcome by using 

nanocomposite electrodes, consisting in an intimate mixture of a mixed ionic conductor and an oxide-

ion conductor. It has been found that the cosintering process limits the cation diffusion and the grain 

growth rate, retaining the size of the particles in the nanometric range up to 1000 ºC. This promising 

approach has been only employed for LSM-YSZ, LSM-CGO and LSCF-CGO systems. However, 

related nanocomposites might be prepared by combining materials with different crystal structures. By 

considering that a CGO fluorite is chemically compatible with numerous MIECs with perovskite-type 

structure, e.g. SrFe1-xBxO3- (B=Mo, Ti, Nb, etc. x<0.5) and La1-xSrx(Cr,Fe,Ti)O3-, they might be 

combined to obtain new nanocomposite electrodes (anodes and cathodes) with improved thermal 

stability and performance.  

 The performance of screen-printed electrodes could also be enhanced by introducing 

functional, active or buffer layers prepared by spray-pyrolysis deposition. Dense and nanostructured 

CGO layers avoid the reaction between different electrode materials (LSM, LSCF) and the YSZ 

electrolyte and also improve the charge transfer reactions at the interface between both materials. 

Among the different functional layers, outstanding results were obtained for Pr6O11 although the 

stability after long-term operation in a LT-SOFC needs to be further investigated. Thus, the 

performance of cathodes in the low temperature range may be improved by optimizing the mixed 

transport properties of active interlayers.  

Another promising strategy is the preparation of infiltrated electrodes by spray-pyrolysis 

deposition into a porous electrolyte backbone layer. This innovative concept presents several 

advantages compared to the conventional wet infiltration method widely used in lab scale research, 

which includes easier industrial implementation, preparation in one single deposition/calcination step 

and better reproducibility. In fact, the double layer electrode architecture, consisting of an infiltrated 

layer with high TPB density for ORR topped with a current collector layer, exhibited a superior 

performance. Moreover, this innovative approach may be applicable to other electrochemical devices, 

such as solid electrolyzers, batteries and supercapacitors. 

 It is also worth noting that the different spray-pyrolysis electrodes have been investigated with 

oxide-ion electrolytes (YSZ, CGO and LSGM); however, proton-conducting electrolytes (doped-

BaCeO3 and BaZrO3) are more favorable for operating at reduced temperatures due to the higher proton 

conductivity in the range of 400 – 600 ºC. Thus, nanostructured electrodes are expected to be physically 
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and chemically more stable with proton conducting electrolytes operating at the low temperature range. 

In particular, the development of novel oxygen electrodes and architectures with improved adherence 

and performance are required in solid oxide electrolyzers (SOE) in order to avoid delamination of 

layers during steam electrolysis, which is one of the major degradation issues in these electrochemical 

devices. This opens a wide field of investigation for proton-conducting solid oxide cells.  

Regarding the anode materials, most of the studies have been focused on the traditional Ni-based 

cermets. This fact could be explained because of the development of new cathode materials have 

attracted more attention from researchers in the last years, since this is generally recognized as the 

critical issue for the performance of LT-SOFCs. Spray-pyrolyzed Ni-cermets, formed by a 

homogenous distribution of the components, yield a higher TPB density, lower polarization resistance 

and improved redox stability. However, further investigations in nanostructured anode materials for 

direct hydrocarbon oxidation need to be carried out by preparing relevant electrodes, e.g. doped-

(La,Sr)TiO3 and Sr(Fe,Ti)O3, with different architectures. Nanostructured anodes infiltrated onto a 

ceria backbone or nanocomposites could achieve promising results that are motivated by the previous 

studies on cathode materials. In any case, the nanostructured electrodes with high activity and thermal 

stability should remain an important and interesting research field that is essential for the commercial 

development of LT-SOFCs in the coming years. 
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